PURPOSE. XOPS-mCFP transgenic zebrafish experience a continual cycle of rod photoreceptor development and degeneration throughout life, making them a useful model for investigating the molecular determinants of rod photoreceptor regeneration. The purpose of this study was to compare the gene expression profiles of wild-type and XOPS-mCFP retinas and identify genes that may contribute to the regeneration of the rods. METHODS. Adult wild-type and XOPS-mCFP retinal mRNA was subjected to microarray analysis. Pathway analysis was used to identify biologically relevant processes that were significantly represented in the dataset. Expression changes were verified by RT-PCR. Selected genes were further examined during retinal development and in adult retinas by in situ hybridization and immunohistochemistry and in a transgenic fluorescent reporter line. RESULTS. More than 600 genes displayed significant expression changes in XOPS-mCFP retinas compared with expression in wild-type controls. Many of the downregulated genes were associated with phototransduction, whereas upregulated genes were associated with several biological functions, including cell cycle, DNA replication and repair, and cell development and death. RT-PCR analysis of a subset of these genes confirmed the microarray results. Three transcription factors (sox11b, insm1a, and c-myb), displaying increased expression in XOPS-mCFP retinas, were also expressed throughout retinal development and in the persistently neurogenic ciliary marginal zone. CONCLUSIONS. This study identified numerous gene expression changes in response to rod degeneration in zebrafish and further suggests a role for the transcriptional regulators sox11b, insm1a, and c-myb in both retinal development and rod photoreceptor regeneration. (Invest Ophthalmol Vis Sci. 2011;52:2255-2266) DOI:10.1167/iovs.10-6022 P hotoreceptors are specialized sensory neurons in the retina that transduce the energy from photons of light into electrical signals. Rod photoreceptors mediate visual responses in dim light, whereas cone photoreceptors mediate daytime and color vision. Mutations in several genes cause retinopathic diseases such as retinitis pigmentosa (RP), a genetically inherited blinding disorder characterized by progressive degeneration of the rod photoreceptors and secondary degeneration of the cones (RetNet: http://www.sph.uth.tmc.edu/Retnet/). To develop effective treatments for diseases such as RP and to better understand its pathogenesis, we need a thorough understanding of the molecular mechanisms that regulate rod photoreceptor genesis. Although some key molecules have been identified, the transcriptional regulatory network regulating rod photoreceptor development remains to be fully defined.
P
hotoreceptors are specialized sensory neurons in the retina that transduce the energy from photons of light into electrical signals. Rod photoreceptors mediate visual responses in dim light, whereas cone photoreceptors mediate daytime and color vision. Mutations in several genes cause retinopathic diseases such as retinitis pigmentosa (RP), a genetically inherited blinding disorder characterized by progressive degeneration of the rod photoreceptors and secondary degeneration of the cones (RetNet: http://www.sph.uth.tmc.edu/Retnet/). To develop effective treatments for diseases such as RP and to better understand its pathogenesis, we need a thorough understanding of the molecular mechanisms that regulate rod photoreceptor genesis. Although some key molecules have been identified, the transcriptional regulatory network regulating rod photoreceptor development remains to be fully defined.
The zebrafish is an excellent genetic model organism in which to study the mechanisms of rod photoreceptor determination. 1 The zebrafish retina possesses the same laminar organization and cell types found in higher vertebrates. 2 Zebrafish embryos develop externally, and both embryos and newly hatched larvae are optically transparent, greatly facilitating the study of developmental processes and gene expression during retinogenesis. Furthermore, development is extremely rapid; by 3 days after fertilization (dpf) the zebrafish retina is fully laminated, and by 5 dpf zebrafish larvae are actively swimming and demonstrate visually evoked behavior. 3, 4 Finally, zebrafish (like other teleost fish) demonstrate persistent retinal neurogenesis throughout life and are able to regenerate all retinal cell types in response to acute injury. 5 Studies of retinal regeneration in zebrafish are particularly relevant, because cell-based treatments for retinal degenerative diseases must enable photoreceptor replacement in the context of a fully mature tissue, and this is likely to involve overlapping yet distinct regulatory pathways from those used during embryonic photoreceptor development. To better understand the molecular mechanisms that mediate photoreceptor regeneration in zebrafish, our laboratory has focused on characterizing genetic models of selective photoreceptor loss and replacement. One such model is the XOPS-mCFP transgenic line, in which the toxic effect of a rod-targeted fluorescent reporter gene causes selective degeneration of rods. 6 We have shown previously that the rod photoreceptor degeneration caused by the XOPS-mCFP transgene does not result in secondary degeneration of cones. Furthermore, in contrast to what has been observed after acute retinal injury or large-scale ablation of the rods in zebrafish, chronic, progressive rod photoreceptor loss in XOPS-mCFP retinas does not induce proliferation of retinal Müller glia. 6 Rather, a population of rod progenitor cells located in the outer nuclear layer (ONL) increases proliferation in an attempt to regenerate the lost rods. In the healthy adult retina, rod progenitor cells produce new rods at a slow but steady rate. 2, 7 However, in XOPS-mCFP zebrafish the rod progenitor population is increased several fold, suggesting that this pool of committed progenitor cells mediates regeneration in cases of chronic rod loss. 6 The specific amplification of the rod progenitor population in XOPS-mCFP retinas provides a unique opportunity to study the molecular determinants of rod photoreceptor development in adult zebrafish in greater detail. We therefore performed a microarray analysis of retinal RNA from wild-type and XOPSmCFP adults. Several genes displaying increased expression in response to rod photoreceptor degeneration were identified, including many transcription factors with previously uncharacterized roles in the retina. RT-PCR and in situ hybridization verified the microarray results and also suggested a role for some of these genes during retinal development and regeneration.
METHODS

Wild-Type and Transgenic Zebrafish
Rearing, breeding, and staging of zebrafish were performed in accordance with established methods for zebrafish animal husbandry. 8 Wildtype zebrafish were inbred descendants of the Ekwill strain, originally obtained from the Ekkwill fish farm (Gibsonton, FL). The Tg(XRho: gap43-mCFP)q13 transgenic line, referred to herein as XOPS-mCFP, has been described previously. 6, 9 It harbors a fluorescent mCFP reporter transgene under the control of the Xenopus rhodopsin promoter, the expression of which is toxic to the rod photoreceptors. The c-myb-GFP transgenic line has also been described, 10, 11 and was generously provided by Leonard Zon (Harvard Medical School, Boston, MA). All animals were treated in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
RNA Preparation
For the microarray analysis, four wild-type and four XOPS-mCFP adults (10 -11 months of age) were killed by immersion in MS-222 (Tricaine; Sigma-Aldrich, St. Louis, MO). The right eye was dissected, and the sclera, choroid and lens were removed. The retinas were transferred to microcentrifuge tubes containing RNA stabilizer (RNA later; Ambion/ Applied Biosystems, Austin, TX). Individual retinas were not pooled. Total RNA was prepared from each sample (RNeasy kit; Qiagen, Valencia, CA) according to the manufacturer's instructions.
Microarray Analysis
RNA samples were submitted to the Gene Expression Core Facility at the University of Florida's Interdisciplinary Center for Biotechnology Research (ICBR; Gainesville, FL). RNA quality and concentration were assessed with a bioanalyzer (model 2100; Agilent Technologies, Palo Alto, CA). Preparation of cDNA, generation and fluorescent labeling of cRNA, and chip hybridization were performed by the ICBR, according to standard protocols. Fluorescently labeled wild-type and XOPS-mCFP cRNAs were co-hybridized to a zebrafish microarray containing 42,990 probes representing roughly 21,500 zebrafish ESTs (4 ϫ 44k; Agilent Technologies). Eight hybridizations (representing four individual wildtype and XOPS-mCFP retinas) were performed. The hybridizations included a reciprocal dye-swap control to account for biological, sample preparation, and technical variability. Microarray scanning and image processing were performed by the ICBR (Feature Extraction software; Agilent Technology). The intensity of each spot was summarized by the mean pixel intensity. After background subtraction, raw data were normalized by Lowess transformation. A two-way ANOVA comparison was used for differential expression analysis (Analyze-It, Excel; Microsoft, Redmond, WA). The P-values were adjusted using the Benjamini and Hochberg 12 method to control for false discovery rate. Differentially expressed genes were ranked by the adjusted P-values; genes with a P Ͻ 0.005 were considered to be differentially expressed between wild-type and XOPS-mCFP retinas. The data discussed in this report have been deposited in the National Center for Biotechnology Information (NCBI; Bethesda, MD) Gene Expression Omnibus (GEO) 13 and are accessible through GEO Series Accession Number GSE22221 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?accϭGSE22221).
Gene Ontology and Pathway Analysis
Genes displaying an absolute change of twofold or greater were uploaded to the GFinder (Genome Function Integrated Discoverer; BioMedical Informatics Laboratory, Politecnico di Milano, Milan, Italy) database 14 for initial functional annotation and classification based on gene ontology assignment (http://www.medinfopoli.polimi.it/GFINDer/). The differentially expressed gene list was next subjected to pathway analysis to identify biologically relevant processes that were most significantly represented in the dataset. After removal of unannotated entries, the list of differentially expressed genes and corresponding log 2 change ratios were uploaded into a pathway analysis program (IPA; Ingenuity Systems, Redwood, CA). IPA maintains a manually curated knowledge base containing information on human, mouse, and rat gene function and biological interactions drawn from the scientific literature. The zebrafish genes in the differentially expressed dataset were assigned to a corresponding human, mouse, or rat identifier in the IPA Knowledge Base using the NCBI HomoloGene database. The IPA Functional Analysis tool was used to identify biological functions that were significantly associated with the genes in the dataset. The IPA program uses a right-tailed Fisher's exact test to calculate a P-value associated with the probability that each biological function was identified due to chance alone. To determine whether any canonical pathways are significantly associated with the dataset, the IPA software calculates a ratio of the number of molecules from the dataset that are associated with a given canonical pathway divided by the total number of molecules that map to that pathway; a Fisher's exact test was used to calculate a P-value representing the probability that the association between the genes in the dataset and the canonical pathway is by chance alone.
Reverse Transcription-Polymerase Chain Reaction
Eyes were dissected from wild-type and XOPS-mCFP transgenic adults as described earlier. The retinas from two to four adults were pooled to purify RNA for RT-PCR. Total RNA was prepared from dissected retinas (Trizol reagent; Invitrogen, Carlsbad, CA). Approximately 1 g of RNA was reverse transcribed into cDNA (Superscript III Reverse Transcriptase; Invitrogen). The sequences of the PCR primers used in this study are given in Table 1 .
In Situ Hybridization
In situ hybridization of embryonic, larval, and adult retinal cryosections was performed essentially as previously described. 9 PCR products corresponding to the genes of interest were amplified from retinal or embryonic cDNA and cloned into a vector (pGemT-Easy; Promega, Madison, WI). Digoxigenin (DIG)-or fluorescein (Fluor)-labeled antisense and sense riboprobes were prepared by in vitro transcription with T7 or SP6 polymerase using the an RNA labeling kit (Roche Applied Science, Indianapolis, IN) according to the manufacturer's instructions. Cryosections (10 -14-m-thick) were prepared from tissue that had been fixed overnight in 4% paraformaldehyde and subsequently cryoprotected in 30% sucrose. Tissue was embedded in OCT medium (Miles Scientific, Elkhart, IN), and cryosections were mounted (Superfrost Plus slides; Fisher Scientific, Pittsburgh, PA) and air dried overnight. Riboprobes were hybridized to the sections overnight at 58°C to 65°C at a final concentration of 1 to 3 ng/L The sections were washed and incubated with anti-DIG-AP or anti-Fluor-AP (Roche) overnight at 4°C. They were then incubated in coloration buffer containing NBT and BCIP (Roche) or Fast Red (Sigma-Aldrich) for 4 hours at room temperature or 1 to 2 days at 4°C and imaged with bright field optics on an inverted fluorescence microscope (Eclipse Ti-U; Nikon), using a 40ϫ air objective.
Immunohistochemistry
Immunolabeling of larval and adult cryosections was performed as previously described. 6 Images were obtained with one of two microscopes (Axiovert fluorescence microscope or a model 510 confocal microscope; both from Carl Zeiss Meditec) outfitted with a 40ϫ water immersion objective (NA 1.2 C-Apochromat; Carl Zeiss Meditec). The following primary antibodies were used: anti-GFP (rabbit, 1:1000; AbCam, Cambridge UK); and Zrf-1, which labels Müller glia (mouse, 1:10; Oregon Monoclonal Bank, Eugene, OR). Alexa Fluor-conjugated secondary antibodies (Molecular Probes-Invitrogen, Eugene, OR) were all used at a dilution of 1:200. Sections were counterstained with DAPI (4Ј, 6-amidino-2-phenylindole, 1:10,000; Sigma) to visualize cell nuclei. The images were exported to imaging software for figure preparation (Photoshop; Adobe Systems, Mountain View, CA).
RESULTS
Microarray Analysis of Wild-Type and XOPS-mCFP Retinas
To identify gene expression changes associated with the degeneration and regeneration of rod photoreceptors, retinal mRNA was prepared from four individual wild-type, agematched XOPS-mCFP adult zebrafish at approximately 1 year of age. Fluorescently labeled cRNA was prepared from each mRNA sample by the Gene Expression Core Facility of the Interdisciplinary Center for Biotechnology Research (ICBR) at the University of Florida. The cRNA was hybridized to a zebrafish gene expression chip (Agilent Technologies) containing probes for 21,500 zebrafish transcripts. Each of the four replicate hybridizations included a dye-swap control. Preliminary data analysis, including signal extraction, background subtraction, Lowess transformation, and a two-way ANOVA comparison, was performed by the ICBR.
Using this approach, 680 transcripts displaying absolute expression changes of greater than twofold in XOPS-mCFP retinas compared with wild-type controls were identified. The top 30 upregulated and downregulated transcripts in XOPSmCFP retinas are listed in Tables 2 and 3 , respectively (only annotated transcripts are listed). In cases where probes for the indicated genes were spotted in duplicate on the microarray, only one probe ID is given, and the corresponding change ratio shown is the average of both results. A comprehensive list of all transcripts displaying significant changes in expression between XOPS-mCFP and wild-type retinas is available from the NCBI Gene Expression Omnibus (GEO) website (accession number: GSE22221). Approximately 87% of the genes showed an increase in expression in XOPS-mCFP retinas relative to wild-type, whereas the remaining 13% displayed decreased expression in XOPS-mCFP retinas. The maximum log 2 change ratios were 7.32 and Ϫ6.82, respectively.
Ontology and Pathway Analysis of Gene Expression Dataset
An initial analysis of the microarray gene expression data was performed by using GFINDer (http://www.medinfopoli. polimi.it/GFINDer/). Genes displaying an absolute change ratio of 2 or greater were uploaded to the GFINDer database, where they were grouped according to their annotation in The Gene Ontology database. One of the largest groups of genes to emerge from this analysis contained gene ontology assignments related to cell proliferation, such as cell cycle, DNA replication, and mitosis. The genes in this group are shown in Supplementary Table S1 (http://www.iovs.org/lookup/suppl/ doi:10.1167/iovs.10-6022/-/DCSupplemental), along with their Agilent Probe IDs and change in expression in XOPS-mCFP retinas compared with wild-type. Another large group of genes that displayed significant expression changes are transcriptional regulators. These genes are listed in Supplementary Table S2 (http:// www.iovs.org/lookup/suppl/doi:10.1167/iovs.10-6022/-/ DCSupplemental). Genes corresponding to the functional category of signal transduction are shown in Supplementary Table S3 (http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.10-6022/-/ DCSupplemental), whereas genes related to apoptosis are shown in Supplementary Table S4 (http://www.iovs.org/lookup/suppl/doi: 10.1167/iovs.10-6022/-/DCSupplemental).
To gain further insight into the biological significance of the gene expression changes observed by microarray analysis, the set of annotated genes displaying a change of 2 or greater was submitted to pathway analysis (Pathway Analysis database; Ingenuity). For the analysis, the zebrafish genes were first assigned to a human, mouse, or rat homologue using the NCBI HomoloGene database. Of the 464 annotated genes that were uploaded to the IPA database, 324 received unambiguous assignment to a corresponding human, mouse, or rat homologue and were further analyzed by the IPA program.
The IPA program identifies gene networks associated with known biological pathways that demonstrate a statisti- 
cally significant association with genes in the microarray data set. The top 10 functional networks identified by the IPA program are graphed in Figure 1A . These include biological functions associated with the cell cycle, cell death, cellular development, and DNA replication, recombination and repair. Figure 1B shows the top 10 canonical pathways demonstrating a significant association with groups of genes in the microarray dataset. The IPA canonical pathways database contains well characterized metabolic and cell signaling pathways that are manually curated based on information from published scientific literature, review articles, text books, and the KEGG database. The top three canonical pathways displaying significant association with genes in the microarray dataset are diagrammed in Figure 2 . The filled-in symbols correspond to genes that were differentially expressed between wild-type and XOPS-mCFP retinas, with green or red shading, indicating increased or decreased expression in XOPS-mCFP retina, respectively. Figure 2A illustrates the ATM signaling pathway, which is induced by DNA damage and activates several downstream pathways, including DNA repair, cell cycle checkpoints, apoptosis, and cell cycle arrest or progression. Genes contributing to this pathway displayed increased expression in XOPS-mCFP retinas, and include the Chk1 and Chk2 checkpoint kinases, cyclins and cyclin dependent kinases associated with progression of S and G 2 /M phases, the growth arrest factor GADD45␥, H2AX, a histone associated with DNA damage, the cohesin factor SMC, IB␣, a regulator of NF-B signaling, and the transcription factor c-Jun. Expression of the ATM gene itself increased 1.89-fold in XOPSmCFP retinas compared to wild-type, below the twofold cutoff for inclusion in the IPA dataset, but statistically significant across all replicates. It is therefore represented with hatched shading in Figure 2A to indicate its manual annotation in the pathway. Figure 2B illustrates pathways associated with the mitotic roles of the polo-like kinase (PLK). Again, the differentially expressed genes associated with this canonical pathway all displayed increased expression in XOPS-mCFP retinas and include the cell cycle genes mentioned above, as well as CDC20 and CDC7, the cytokinesis regulator PRC1, and the kinesins EG5/KIF11 and MKLP1. Figure 2C illustrates the rod phototransduction pathway. All but one of the differentially expressed genes associated with this pathway displayed a decrease in expression in XOPSmCFP retinas. Because mature rod photoreceptors degenerate in XOPS-mCFP animals, the identification of these genes in our microarray analysis served as an important internal control. A probe for the rhodopsin gene was not present on the version of the Agilent microarray that was used for these experiments. However, our previous work has clearly demonstrated a reduction in rhodopsin expression in XOPSmCFP retinas due to the degeneration of the rods 6, 9 ; it is therefore manually annotated on the pathway with hatched shading.
Validation of Microarray Data by RT-PCR
To confirm the microarray results, RT-PCR of wild-type and XOPS-mCFP retinal mRNA was performed for a subset of the genes displaying significant expression changes (Fig. 3) . The cDNA for all PCR analyses was prepared from separate groups of animals from those used for the microarray analysis. Although the RT-PCR results are not quantitative, every gene that was tested confirmed the general change in expression (increased, decreased or no change) between wildtype and XOPS-mCFP retinas, as indicated by the microarray results. Of the genes that displayed increased expression in response to rod degeneration in XOPS-mCFP retinas, several function as transcriptional activators (Supplementary Table S2 , http://www.iovs.org/ lookup/suppl/doi:10.1167/iovs.10-6022/-/DCSupplemental). We selected three transcription factors, sox11b, insm1a, and c-myb, for further analysis based on their previously described roles in regulating neurogenesis in both the central and peripheral nervous systems. [15] [16] [17] [18] [19] We hypothesized that if these genes play a role in regulating regeneration of the rods, we should detect their expression in the ONL where the rod progenitor cells reside. Furthermore, because studies of photoreceptor regeneration in response to acute retinal damage in zebrafish have shown that this process involves reactivation of some developmental signaling pathways, 20 -22 we also examined the expression patterns of sox11b, insm1a, and c-myb during retinogenesis by in situ hybridization on retinal sections.
Sex determining region (SRY)-box 11, or Sox11, is a member of the group C family of Sox transcriptional activators. Group C Sox proteins regulate many developmental processes, including heart formation and nervous system development. 23 Zebrafish sox11b is one of two co-orthologues of the mammalian sox11 gene. 24 Expression of sox11b has also been reported to increase after light-induced photoreceptor cell death. 25, 26 We compared sox11b expression patterns in adult wild-type and XOPS-mCFP retinas. In wild-type retinas, sox11b expression was observed in the persistently neurogenic ciliary marginal zone (CMZ), but was rarely detected in the central retina (Figs. 4A, 4B ). In contrast, in XOPS-mCFP adult retinas, sox11b expression was observed in the CMZ and in numerous cells located at the base of the ONL (Figs. 4C, 4D ). In the developing wild-type retina at 24 hpf, sox11b expression was observed in scattered cells throughout the retinal neuroepithelium and lens (Figs. 4E, 4F) . As development proceeded, expression of sox11b became restricted to the dorsal and ventral retinal margin (Figs. 4G, 4H) . At 48 and 72 hpf, sox11b appeared to occupy a larger domain at the dorsal retinal margin compared to the ventral margin. However, in both the dorsal and ventral marginal zones, sox11b expression did not extend to the peripheral-most corner of the CMZ.
Insulinoma-associated 1 (insm1) is a zinc-finger transcription factor that is primarily expressed in developing neuroendocrine tissues and in the developing nervous system. 27 Zebrafish insm1a is one of two co-orthologues of mammalian insm1. 28 Insm1a displayed a very similar expression pattern to sox11b in both wild-type and XOPS-mCFP adult retinas (Fig. 5) . In wild-type adult retina, expression of insm1a was detected in only a few cells at the CMZ and was not observed in the central retina (Figs. 5A, 5B ). In contrast, in XOPSmCFP retinas, expression of insm1a was detected in both the CMZ and in numerous cells at the base of the ONL where the rod progenitors are located (Figs. 5C, 5D ). In XOPSmCFP retinas, insm1a expression was also occasionally observed in the inner nuclear layer (INL) in cells that displayed fingerlike projections suggestive of Müller glia (Fig. 5C ), although this has not yet been confirmed by colocalization with a Müller glial marker. Expression of insm1a was not detectable in the developing retina at 24 hpf (data not shown). However, by 36 hpf insm1a expression was observed throughout the central retinal neuroepithelium (Fig.  5E ). Similar to sox11b, expression of insm1a became restricted to the retinal margins at 48 and 72 hpf, with stronger expression in the dorsal margin compared to the ventral margin (Figs. 5F, 5G) . c-Myb is a transcriptional activator best known for its role in regulating hematopoiesis but which has also been recently linked to maintenance of neural stem cells in the brain. 15, 29 To study c-myb expression, we obtained a transgenic fluorescent reporter line generated in the laboratory of Leonard Zon 10 in which GFP expression is controlled by the c-myb promoter. We have shown previously that rod progenitor cell mitotic activity is detectable in wild-type juvenile zebrafish at approximately 10 to 15 dpf. 9 In retinal sections from 16 dpf c-myb-GFP transgenic zebrafish, GFP expression was observed in small number of cells located at the base of the ONL where the rod progenitor cells are located (Figs. 6A, 6B) . Interestingly, c-myb expression was also occasionally observed in isolated Müller glial cells (identified based on their morphology) located in close proximity to the GFP ϩ ONL cells (Fig.  6A) . Because we could not conclusively distinguish between the fluorescent signal from XOPS-mCFP and c-myb-GFP expressing cells in XOPS-mCFP animals, we used in situ hybridization analysis to compare c-myb expression in adult wild-type and XOPS-mCFP retinas. In wild-type retinal sections from 1-year-old adults, we observed c-myb expression mainly in the CMZ (data not shown) and only rarely in the central retina (Fig. 6C) , suggesting that the c-myb ϩ ONL cell population is smaller in adult retinas than in juvenile retinas. We did not detect expression of c-myb in mature photoreceptors. In age-matched XOPS-mCFP retinal sections, we observed c-myb expression in both the CMZ and in a greater number of cells at the base of the ONL than was observed in the wild-type retinas (Fig. 6D) , indicating localization of c-myb in a subset of ONL cells that likely represent rod progenitor cells or immature rod precursors. However, cmyb expression did not appear to be as widespread in the ONL of XOPS-mCFP retinas as sox11b or insm1a. Expression of c-myb was also detected in the INL of XOPS-mCFP retinas (Fig. 6D) . The INL c-mybϩ cells displayed fingerlike projections suggestive of Müller glia, although this remains to be confirmed by co-localization with a Müller glial marker. This expression pattern was rarely observed in wild-type retinas.
During retinal development, expression of endogenous c-myb was evident throughout the retinal neuroepithelium at 24 hpf (Fig. 6E) . As above, the c-myb expression domains became more restricted to the retinal margin as retinogenesis proceeded, and by 72 hpf endogenous c-myb expression was confined to the persistently mitotic CMZ (Fig. 6G) . In c-myb-GFP transgenic zebrafish at 5 dpf, c-myb-GFP expression was observed in several Müller glia, as evidenced by the co-localization of GFP with the Müller cell antibody Zrf-1 (Fig. 6H) . One possible interpretation of these results is that c-myb expression is activated just before cell cycle exit of retinal progenitors fated to become Müller glia.
The expression patterns of sox11b, insm1a, and c-myb at the base of the ONL in adult XOPS-mCFP retinas are consistent with their localization in rod progenitor cells or postmitotic rod precursors. To investigate this further, we performed double in situ hybridizations on cryosections of XOPS-mCFP retinas with DIG-labeled antisense probes for sox11b, insm1a, or c-myb, and a FITC-labeled antisense probe for the cell proliferation marker PCNA. We have previously shown that in XOPS-mCFP retinas, rod degeneration results in a significant increase in PCNA ϩ rod progenitor cells at the base of the ONL. 6, 9 In adult XOPS-mCFP retinas, we observed a subset of cells that appeared to be labeled with both the PCNA probe and the sox11b probe, both in the central retina and in the CMZ (Figs. 7A, 7B ). These putative double-positive cells were always adjacent to cells that appeared to label with only the sox11b or the PCNA probe, but not both. We obtained a very similar labeling pattern for the double in situ hybridization with insm1a and PCNA probes (Figs. 7C, 7D ). One interpretation of these results is that sox11b and insm1a are expressed in some mitotic rod progenitor cells (perhaps just before cell cycle exit), and that expression is maintained in postmitotic rod precursors. Indeed, we also observed co-localization of sox11b and insm1a markers in the same cells at the base of the ONL (data not shown), suggesting that these two genes are expressed in the same cell population. When we performed double in situ hybridization with probes for c-myb and PCNA we observed what appeared to be extensive co-labeling, both at the margin and in the central retina (Figs. 7E, 7F) , which may suggest that in the central retina c-myb is expressed primarily in proliferating rod progenitor cells. However, we note that because we used colorimetric assays to detect each probe, which result in a red or purple reaction product that can diffuse away from the cell, we cannot definitively conclude that each probe co-localized with PCNA in mitotic rod progenitors. Our results await more definitive classification once antibodies to zebrafish Sox11b, Insm1a, and c-Myb are available.
Taken together, the developmental and adult gene expression patterns of sox11b, insm1a, and c-myb suggest that they play a role in retinal neurogenesis during embryonic development as well as in regulating aspects of the response to rod photoreceptor degeneration. The y-axis represents the negative log of the p-value associated with the probability that each biological function was identified due to chance alone. (B) Top eleven canonical signaling pathways associated with differentially expressed genes. The blue bars represent the negative log of the p-value associated with the probability that each pathway was identified due to chance alone. The orange squares represent a ratio of the number of molecules from the microarray dataset that were associated with a given canonical pathway divided by the total number of molecules that map to that pathway. 
DISCUSSION
In the present study, we used microarray analysis to determine the retinal gene expression profile of XOPS-mCFP transgenic zebrafish, in which a continual cycle of rod photoreceptor death and regeneration results in a chronically elevated population of rod progenitor cells. Our study is distinct from other recent microarray analyses of intact and regenerating zebrafish retinas, 25, 26, 30, 31 because we have made use of a genetic model that experiences selective, chronic rod photoreceptor degeneration, rather than acute loss of both rods and cones or other retinal neurons. As such, the gene expression changes we observed were less likely to be associated with processes such as clearance of cellular debris and wound healing, and more likely to be related directly to rod photoreceptor degeneration and regeneration. Furthermore, we have shown previously that chronic degeneration of rods does not induce proliferation of Müller glia in zebrafish, 6, 9 whereas others have shown that photoreceptor regeneration after acute retinal damage is dependent on the Müller glial response. 21, 30, 32, 33 Therefore, it is not surprising that the genes identified in our microarray analysis constitute a distinct, yet overlapping, set of genes from those associated with regeneration in the acutely damaged zebrafish retina. For example, genes associated with cell proliferation (such as mps1, the cyclins, and the mcms), and transcriptional regulation (such as sox11b, her9, id2b, olig2, and ascl1a, among others) displayed expression changes in XOPS-mCFP retinas similar to what has been observed in response to acute retinal damage (Supplementary Tables S1, S2 , http://www.iovs.org/lookup/suppl/doi: 10.1167/iovs.10-6022/-/DCSupplemental). In contrast, genes such as stat3, hspd1, pax6a, pax6b, mdka, mdkb, and gal-l2, which display increased expression in response to acute photoreceptor cell death, 21, 26, 30, 33, 34 did not change in expression in response to selective rod degeneration. These results suggest that our approach, in combination with the data from other groups studying acute retinal damage in zebrafish, may allow us to better define the FIGURE 4. Sox11b expression in wild-type and XOPS-mCFP retinas. In situ hybridization with an antisense probe for sox11b was performed on cryosections of adult wild-type retina (A, B) , adult XOPS-mCFP retina (C, D), and developing wild-type retina (E-H). Sox11b expression was not detected in wild-type central retina (A) and was present at the ciliary marginal zone (CMZ) of wild-type peripheral retina (B). In contrast, sox11b was strongly expressed in cells at the base of the outer nuclear layer (ONL) in XOPS-mCFP central (C) and peripheral (D) retina. Transverse (E) and sagittal (F) sections through the developing retina at 24 hpf show scattered expression of sox11b. By 48 hpf (G) sox11b expression was restricted to the retinal margin, and was observed only in the CMZ at 72 hpf (H). (E-H) Dorsal is toward the top of the image. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; L, lens; T, telencephalon; CF, choroid fissure; ON, optic nerve. Scale bar: 50 m. genetic pathways that mediate the response to chronic versus acute photoreceptor cell loss.
We made use of a pathway analysis database (Ingenuity Systems) to visualize the set of enriched gene groups in a network format. One of the top canonical pathways that were identified by the IPA analysis is the ATM signaling pathway. This pathway is triggered by DNA damage, which in turn activates the ataxia telangiectasia mutated (ATM) protein kinase. Activation of ATM signaling results in several downstream events, including initiation of DNA repair, activation of cell cycle checkpoints, and apoptosis. 35 It has been shown in animal and in vitro models of retinitis pigmentosa that photoreceptor degeneration is correlated with both an increase in reactive oxygen species (ROS) and an increase in oxidative DNA damage. 36 -39 Therefore, it is possible that the toxic effects of the XOPS-mCFP transgene result in a similar increase in ROS and DNA damage, leading to activation of the ATM pathway and apoptosis. Alternatively, increased expression of genes in the ATM pathway may be more closely related to regeneration than to cell death. Intriguingly, a recent study of the MRL healer mouse, which displays unique regenerative and wound-healing abilities not normally observed in mammals, revealed that this strain exhibits a cell cycle checkpoint defect, reduced p21 expression, enhanced G 2 /M arrest, and an increase in DNA damage, 40 suggesting an association between the DNA damage response and regenerative ability.
The mitotic roles of the polo-like kinase (PLK) represent another canonical pathway displaying significant association with differentially expressed genes in our microarray dataset. PLK is a highly conserved protein that regulates entry of cells into the M phase. 41 The increase in expression of plk1, as well as genes coding for its cell cycle-related targets, in our microarray dataset likely reflects the increase in proliferation of rod progenitor cells in response to rod degeneration. The IPA program also identified a significant correlation between differentially expressed genes in our dataset and the rod phototransduction pathway. This result is not surprising, because mature rod photoreceptors degenerate in XOPS-mCFP retinas because of the toxic effects of the XOPS-mCFP transgene, and it confirms the accuracy and sensitivity of the IPA analysis.
Because we are interested in identifying the transcriptional regulatory networks that regulate photoreceptor regeneration in zebrafish, we chose to study further three transcription factors, with previously described roles in neurogenesis, that demonstrated increased expression in XOPS-mCFP retinas. These include the zebrafish homologues of insm1, a zinc-finger transcription factor associated with neuroendocrine development and neurogenesis 27, 42 ; sox11, a transcription factor involved in the regulation of embryonic development and neural cell fate determination 19, 23 ; and c-myb, a transcription factor best known for its role in regulating hematopoiesis but which has also been linked to maintenance of neural stem cells. 15 In situ hybridization analysis demonstrated that in wild-type zebrafish all three genes are expressed in the CMZ, suggesting that they are involved in persistent neurogenesis in the adult retina. Furthermore, expression of all three genes was localized to the base of the ONL in the XOPS-mCFP retinas, where mitotic rod progenitor cells and postmitotic rod precursors have been shown to reside. 6, 9 Double in situ hybridization analysis indicated that some sox11b ϩ , insm1a ϩ , and c-myb ϩ cells co-localized with the proliferation marker PCNA, although this result is not conclusive because of the technical limitations of the colorimetric in situ assay. In single in situ hybridization experiments, sox11b and insm1a demonstrated the most widespread expression in the ONL of XOPS-mCFP retinas. This may suggest that they are expressed in both mitotic and postmitotic rod progenitors. Indeed, previous studies have suggested a role for insm1 and sox11 in regulating progenitor cell cycle exit and the establishment of neuronal identity, respectively [43] [44] [45] ; therefore, it is possible that they act in a similar fashion to regulate rod photoreceptor regeneration. Interestingly, both c-myb and to some extent insm1a displayed an increase in expression in cells that had a Müller glial morphology in XOPS-mCFP retinas. At this point the functional significance of this expression pattern is unclear and must be confirmed using Müller-glial-specific markers in adult retinal sections (although we did observe co-localization of c-myb-GFP with the Müller glial antibody Zrf-1 at 5 dpf). We have demonstrated that Müller glia do not proliferate or show signs of reactive gliosis in XOPS-mCFP retinas. 6, 9 The increase in expression of c-myb and insm1a in a subset of Müller glia may be associated with a proliferation-independent signaling pathway in response to chronic rod degeneration. Alternatively, we cannot rule out the possibility that c-myb and insm1a are expressed in a subset of Müller glia proliferating at a much slower rate than is observed in response to acute retinal damage, below the threshold of detection in our assays.
Our in situ hybridization expression data also support a role for sox11b, insm1a, and c-myb during retinal development. Although the developmental stage at which expression of each gene was first detected differed somewhat (24 hpf for sox11b and c-myb, 36 hpf for insm1a) the general expression patterns throughout retinal development were similar for all three genes. As retinal development proceeded, expression of all three genes became progressively restricted to the proliferative retinal margin, indicating that these genes are not expressed in differentiated retinal neurons, but rather may function at the stage of retinal progenitor proliferation, specification, or exit from the cell cycle. Interestingly, in contrast to the cmyb expression pattern visualized by in situ hybridization, in the c-myb-GFP transgenic line, GFP expression persisted in the central retina through 5 dpf and was colocalized with the Müller cell marker Zrf-1. This may indicate that c-myb expression is activated just before cell cycle exit in progenitor cells fated to become Müller glia (and the stable expression of GFP marks these cells even after expression of endogenous c-myb has been terminated). Furthermore, the close association of GFP ϩ rod progenitor cells and isolated GFP ϩ Müller glia in juvenile c-myb-GFP retinas suggests that c-myb may be a marker for the stem-cell-producing subset of Müller glia.
In summary, our results provide new information regarding the molecular determinants of the response to rod photoreceptor degeneration in zebrafish and identify novel transcriptional regulators of both rod photoreceptor regeneration and retinal development. Although the roles of sox11, insm1, and c-myb in retinal development have not been directly tested in higher vertebrates, they have all been shown to be expressed in the developing mammalian retina. 16, 46, 47 Thus, further ex- amination of the role of these genes in regulating photoreceptor development and regeneration in zebrafish may be relevant to mammalian photoreceptor development as well.
